C lass I-restricted CTL mediate an important immunological response to HIV-1 infection. The decline in plasma viral RNA after the appearance of HIV-specific CTL during acute infection (1, 2) , the prognostic significance of vigorous CTL responses in disease progression (3, 4) , and the striking increase in plasma SIV RNA in rhesus macaques depleted of CD8 ϩ T cells (5, 6) are strong indications that CTL are critical in HIV-1 immunopathogenesis. Therefore, it follows that viral persistence and disease progression are due, at least in part, to the eventual failure of CTL.
It is unclear why this host defense is inadequate to eliminate virus and prevent disease progression in most individuals. Clearly, a formidable challenge presented by HIV-1 is its ability to replicate continuously despite strong virus-specific responses. Among the many mechanisms postulated to explain CTL failure are sequence variation within or near their epitopes (7) (8) (9) (10) (11) (12) , inefficient maturational state (13) , and clonal exhaustion (14) . However, comprehensive longitudinal in vivo data to illuminate these important issues in humans are scant (15) (16) (17) (18) (19) .
Understanding why CTL fail to eliminate HIV-1 is critical for understanding viral pathogenesis and developing effective therapeutic and vaccine strategies. To investigate the mechanisms behind HIV-1-specific CTL failure, we examined in vivo the longitudinal relationship between CTL and their corresponding epitope sequences in several individuals in the Multicenter AIDS Cohort Study (MACS) from whom samples were available from preseroconversion until late disease.
Materials and Methods

Participants
We selected five men enrolled in the MACS (20) based on observed HIV-1 seroconversion, HLA A*0201 haplotype, and persistent viremia. Ages ranged from 25 to 38 years at seroconversion, approximated at the midpoint of the 6-mo interval between the last seronegative, and first seropositive, visit. The participants received zidovudine monotherapy, or no treatment, during the study period. Plasma HIV-1 RNA levels were assessed by Amplicor (Roche Molecular Systems, Branchburg, NJ) or Quantiplex (Chiron, Emeryville, CA). All T cell and viral studies were performed on cryopreserved samples. All participants provided written informed consent.
Synthetic peptides
Peptides used in this study represented the HIV-1 p17 epitope SLYNT-VATL (SL9), the HIV-1 RT epitope ILKEPVHGV (IV9), variants of SL9 (79F, 84V, 79F-84V, 82I-84V, 79H-84V) and the CMV p65-derived epitope NLVPMVATV (NV9). Peptides were synthesized on a Model 433A peptide synthesizer (Applied Biosystems, Foster City, CA). Peptide identity and purity were verified by matrix-assisted laser desorption ionization-mass spectrometry or electrical stimulation-mass spectrometry).
Peptide-MHC class I tetramers
SL9-, IV9-, and NV9-bound HLA-A*0201 allophycocyanin-labeled tetramers (SL9-A2 and IV9-A2) were synthesized and used as previously described (21, 22) .
Flow cytometric analysis of CD8
ϩ T cells mAbs were obtained from BD Biosciences (San Jose, CA) except for anti-CCR7 (BD PharMingen, San Diego, CA) and PE-labeled goat anti-mouse IgM (Caltag, Burlingame, CA). PBMC (5 ϫ 10 5 ) were stained for 40 min at 4°C with tetramer-allophycocyanin/anti-CD8-PerCP/anti-CD45RA-FITC/ anti-CD28-PE. Select samples were stained with tetramer-allophycocyanin/ anti-CD8-PerCP/anti-CD45RA-FITC/anti-CCR7/goat anti-mouse-PE. From 2 to 10 ϫ 10 4 CD8 ϩ events were analyzed on a FACSCalibur using CellQuest (BD Biosciences). Light scatter gating was determined using a separate sample containing 1 g/ml 7-amino-actinomycin D, and viability within the scatter gate was Ն98. CD8 ϩ T cell phenotyping was accepted only when tetramerpositive cells represented Ͼ0.08% of CD8 ϩ lymphocytes and comprised at least 80 events.
CTL IFN-␥ (IFN-␥ production)
Peptide-specific IFN-␥ production was assayed by intracellular staining (23) after stimulation of PBMC with 1 g/ml SL9 peptide or 10 g/ml NV9 peptide and 1 g/ml of brefeldin A (Golgi Plug; BD PharMingen). Positive controls used CD2/2R and CD28 Abs both at 10 g/ml (BD Biosciences) (24) . The cells were then stained with CD8-PerCP and CD3-allophycocyanin (BD Biosciences), permeabilized, stained with IFN-␥-PE or control Abs, and analyzed by FACSCalibur.
Polyclonal CD8
ϩ T cells CD8 ؉ T cells were polyclonally expanded from PBMC of participant B as previously described (25) 
IFN-␥ ELISPOT
Standard ELISPOT for IFN-␥ was performed as described (27) . Cells were stimulated in duplicate with 20 g/ml SL9 or variant peptides. Positive controls consisted of stimulation by anti-CD2/2R (10 g/ml) and CD28 (20 g/ml) Abs (BD Biosciences), and negative controls used medium alone. Peptide specific cells were quantified as spot-forming cells/10 6 cells using an ImmunoSpot Analyzer (Cellular Technology, Cleveland, OH).
HIV-1 sequencing
Plasma viral RNA was reverse-transcribed and amplified by endpoint dilution nested PCR with gag outer primers ATGGGTGCGAGAGCGTCA (nt 790 -807) and CACTCTGCAGCTTCCTCATTGAT (nt 1424 -1402), gag inner primers ACATTAAGTATGGGCAAGCAGGG (nt 885-903) and GGATGGCTCCTTCTGATAATGC (nt 1330 -1309), pol outer primers TCAGAGCAGACCAGAGCCAAC (nt 2136 -2156) and ACAGCTG GCTACTATTTCTTTTGCTACTA (nt 7388 -7416), and pol inner primers CAACAGCCCCACCAGAAGAGA (nt 2153-2173) and GATCTGGTT GTGCTTGAATGATTC (nt 2528 -2550). Positions are numbered according to HXB2 (28) . After insertion in vector pGEM T by T-A cloning, DNA was sequenced (Prism 3100; Applied Biosystems).
Sequence analysis
HMMER (http://hmmer.wustl.edu) was used to align nucleic acid sequences which were then edited using the multiple aligned sequence editor (29) . Phylogenetic reconstructions were produced with maximum likelihood methods (30) using a general reversible model allowing rate variation (31); 390 positions in pol and 421 in gag fragment alignments were used to build trees. Basic local alignment search tool comparisons of experimental sequences to GenBank and neighbor-joining phylogenetic trees were used to screen the integrity of the obtained sequences (32) . Validated viral sequences were submitted to GenBank (accession numbers pending).
Results
SL9 and IV9 sequences in HIV-1 seroconverters
Five HLA-A*0201 men who seroconverted during observation in the MACS were screened for the HLA-A*0201-restricted consensus epitope sequences SL9 in p17 Gag (33) and IV9 in Po (34, 35) . Their levels of viral RNA plasma and CD4 ϩ T cell counts are shown (Fig. 1 ). The three participants (A, B, and C) with initial plasma viral consensus SL9 sequences were chosen for longitudinal CTL evaluation with the SL9-A2 tetramer; the others (D and E) had nonconsensus SL9. Four participants (B, C, D, and E) initially demonstrated consensus IV9 sequences, three of whom had sufficient banked specimens to allow study with the IV9-A2 tetramer (B, D, and E).
Quantitation of SL9-and IV9-specific CD8
ϩ T cells
To investigate the fate of HIV-1-specific CTL, we measured SL9 (participants A, B, and C)-and IV9 (participants B, D, and E)-specific CD8 ϩ T cells from seroconversion until death or initiation of combination antiretroviral therapy (Fig. 2) . Participants A, B, and C demonstrated SL9-specific CD8 ϩ T cells arising after infection, peaking, and then declining to undetectable levels. Peak frequencies were ϳ1.7, 2.5, and 0.8% of total CD8 ϩ T cells, respectively. IV9-specific CD8 ϩ T cells in participants B and D followed a similar pattern but peaked at ϳ0.5%; participant E exhibited no IV9-specific CD8 ϩ T cells. The decay of SL9-and IV9-specific responses was specific, given that percentages of CMV-specific CD8 ϩ T cells rose over the same period (not shown). Our follow-up therefore revealed a surprisingly consistent pattern of HIV-1-specific CD8 ϩ T cell decay over time.
CD8 ϩ T cell maturation and IFN-␥ production
We evaluated SL9-specific CD8 ϩ T cells for maturational status and IFN-␥ production as a correlate of cytolytic activity (36) (Fig.  2) . CD8 ϩ T cells from participants A, B, and C displayed similar SL9-specific IFN-␥ production; 30 -60% of the CD8 ϩ T cells produced detectable IFN-␥, suggesting these were indeed CTL, with the lowest percentage occurring at the peak of the SL9 response. In contrast, CD8
ϩ T cells varied in their surface markers (Fig. 2C ). SL9-specific CD8 ϩ T cells from participants A/B were predominantly CD45RA
Ϫ CD28 Ϫ throughout chronic infection, consistent with effector/preterminally differentiated CD8 ϩ T cells (37) . Additional analysis further identified the predominant phenotype as 
Ϫ , a terminally differentiated phenotype (13, 37) . As previously observed (13, 38) , CMV-specific CD8 ϩ T cells (recognizing NV9) in participants A, B, and C were predominately terminally differentiated (CD45RA ϩ CD28 Ϫ ; not shown). Overall, these data demonstrate that the differentiation state of HIV-1-specific CD8 ϩ T cells can vary between individuals.
Relationship between SL9-specific CTL and epitope sequence
To investigate the waning of SL9-specific CTL, we analyzed plasma RNA gag sequences (Fig. 2 and Table I ). In participants A and B, consensus SL9 sequences dominated until the approximate peak of SL9-specific CTL 2-4 years postinfection. Thereafter, variants rapidly overgrew, with the decline of SL9-specific CTL lagging by 6 -12 mo (Fig. 2 and Table I ), suggesting that CTL loss resulted from epitope escape. In contrast, SL9 mutation in participant C, in whom the SL9-specific CTL response was approximately one-half that of A/B, occurred later (6 -7 years postinfection), and the decline of the CTL response preceded epitope mutation. This suggested that loss of these CTL in participant C began independently of epitope mutation.
Relationship between IV9-specific CD8
ϩ T cells and epitope sequence
As observed for SL9, mutation in the IV9 epitope in participants B and D also preceded loss of the IV9-specific CD8 ϩ T cells (Fig. 2  and Table II) . In participant B, IV9 variants emerged with approximately the same kinetics as SL9 variants despite the lower frequency of IV9-specific CD8 ϩ T cells (Figs. 2 and 3) . Participant D followed a similar pattern, with later kinetics. Consensus IV9 in participant E persisted unchanged in the absence of a detectable
FIGURE 2. Longitudinal analysis of CD8
ϩ T cells and epitope sequences. SL9 (A)-and IV9 (B)-specific CD8 ϩ T cells in PBMC were detected by tetramer (f) and peptide-induced IFN-␥ (E). Plasma-derived SL9 was sequenced in parallel. ‚, Ratio of the consensus SL9 or IV9 sequence to variants. C, Percentages of CD45RA Ϫ CD28 Ϫ and CD45RA ϩ CD28 Ϫ cells are shown for SL9-and NV9-specific CD8 ϩ T cells and for total CD8 ϩ T cells from participants A, B, and C. Arrows, Peak of the SL9-specific CD8 ϩ T cell response in each participant. Letters within panels correspond to participants A through E.
IV9-specific CD8
ϩ T cell response. Although not all individuals mounted a CD8 ϩ T cell response to IV9, our data demonstrate a pattern of epitope and CD8 ϩ T cell loss similar to that of SL9.
Patterns of epitope mutation
The phylogenetic evolutionary relationships of sequences within and surrounding the gag and pol epitopes were assessed. Initial SL9 mutations in participants A, B, and C involved single substitutions with continued evolution to double mutations (Table I and Fig. 3 ), indicating continued selection in vivo. This was possibly due to continued or shifting immunological pressures and/or a role for compensatory mutations to enhance replicative fitness of the escaped virus as reported for another epitope in Gag (16) . The starting nonconsensus SL9 sequences in participants D and E exhibited few changes, but one interesting finding was the alteration of the SL9 variant to consensus SL9 in participant D. IV9 sequences evolved mutations in the two CTL responders (participants B and D) but not nonresponder (participant) E (Fig. 3) which, in contrast to SL9, were mostly single mutations. Although we were unable to study the CTL response of participant A, it was interesting to note a transient emergence of consensus IV9 in the third year postinfection, followed by a return to variant IV9.
Decreased recognition of SL9 epitope variants by SL9-specific CTL
The temporal relationship of epitope mutation and CTL decay suggested that the epitope mutants were poorly recognized. We therefore examined CTL recognition of SL9 variants, as measured by IFN-␥ release, for participants A and B (Fig. 4) . We screened cells from participants A and B taken within 2.5 years of infection (when consensus SL9 sequences predominated in vivo) for responsiveness to several observed SL9 variants (Fig. 4) . Except for 79F, all of the variants (at 20 g/ml) elicited Ͻ50% the response to consensus SL9 peptide, indicating that the SL9-specific CTL detected by tetramer recognized these variants poorly at best, because variant-specific CTL could contribute to the observed activity. We did not observe the 79F variant, well-recognized by participant B, among his in vivo sequences, whereas the 79F-84V variant was detected (Table I) , consistent with specific selective pressure in vivo. Taken together, our results strongly suggest that the epitope variants arising in vivo were recognized with diminished efficiency by the consensus SL9-specific CTL in the persons in whom they were observed and thus represented escape mutations.
Discussion
Cross-sectional evaluations of HIV-1 escape from CTL have yielded mixed findings (9 -11, 39) . Only a handful of studies have evaluated in vivo escape of HIV-1 from CTL longitudinally (15) (16) (17) (18) (19) , and these have yielded more convincing evidence of escape. Perhaps the clearest data have been from the better controlled SIVmacaque model. These studies found that escape is strongly influenced by factors such as CTL specificity and possibly avidity (40, 41) . Taken together with the mixed results of the other studies, it becomes clear that multiple factors must be involved in viral escape.
Our results strongly support the hypothesis that HIV-1 can evade the CTL response through mutation. We document the longitudinal relationship of SL9-and IV9-specific CTL ontogeny, subsequent epitope variation, and eventual predominance of CTL-resistant mutations. Generally, an initial index epitope sequence elicits a CTL response, followed by poorly recognized epitope mutations, suggesting that the CTL exert selective pressure against the index epitope. Although our findings appear to contradict a comprehensive cross-sectional study of SL9 in vivo by Brander et al. (39) , our data are compatible because those subjects may have been studied before late occurring escape.
We found no evidence to suggest that SL9 epitope processing and presentation to CTL was altered in response to mutations outside of the epitope as the only change with any correlation to epitope escape, the lysine to arginine change at aa 76 (Table I) , was previously shown not to affect processing of this epitope (42) . Rather SL9 epitope escape more likely involved both diminished CTL recognition and/or reduced class I binding. The variants 79F-84V and 82I-84V both bind HLA-A*0201 with an affinity similar to that of SL9 (39); therefore, the likely mechanism of escape for these variants is the loss of T cell recognition. In contrast, 79F and 84V have been shown to be diminished in their ability to bind HLA-A*0201 despite retention of the primary anchor sequences (39) . Although Brander et al. (39) did not test 79H-84V in their study, histidine as the third amino acid of a 9-aa peptide has been reported to decrease binding to HLA-A2 (43) . Taken together, these results suggest that 79H-84V, 79F, and 84V escape CTL recognition by loss of HLA-A*0201 binding. In the case of 79F, this is particularly interesting as participant B appeared to elicit a CTL response to 79F that was equal in magnitude to the CTL response to SL9 (Fig. 4) . Because effector/memory, but not naive, CD8
ϩ T cells respond to peptide stimulation following the polyclonal expansion protocol used in this study (data not shown), this finding suggests that participant B may have elicited new CTL responses against 79F presented by another HLA molecule. The extent to which new CTL responses can be mounted to epitope variants is currently unknown and is critical to understanding the inability of CTL to eradicate HIV.
Despite the multitude of potential epitope mutations ablating epitope presentation or CTL recognition (7), we found that escape was oligoclonal in vivo. This strongly suggests that fitness constraints limit the diversity of escape. For example, no SL9 mutations in the A*0201 binding motif anchors were observed by us or Brander et al., highlighting the importance of fitness considerations in CTL epitope mutation.
The finding that SL9 and IV9 variation did not occur for several years is surprising but consistent with prior findings (15) . Given that every potential point mutation is generated 10 4 -10 5 times per day in vivo (44) , this indicates that the overall advantage of the escape mutations is very slight. Coffin (44) proposed that a variant with a 1% net fitness advantage would overgrow the population within 1000 replicative cycles. Indeed, this model (45) predicts Our data indicate that CTL differentiation and maturation may influence selective pressure. At least four CTL differentiation stages have been proposed as defined by expression patterns of CD45RA, CD28, CD27, and CCR7 (13, 37, 38) . In contrast to previous reports that HIV-1-specific CTL are CD45RA Ϫ (13, 38), we found differing phenotypes between individuals. SL9-specific CTL in participant C (but not A or B) were mostly terminally differentiated (CD45RA ϩ CD28 Ϫ CCR7 Ϫ ). These cells are limited in their proliferative capacity (13, 37) , which may have contributed to the decreased frequency of CTL and relative delay of escape in this participant. We found an inverse correlation between the percentage of CD45RA Ϫ /CD28 Ϫ CTL and the time to onset of SL9 mutation (not shown); however, further study is required to confirm this trend.
Unexpectedly, we found a consistent decay in CTL responses after escape. Although some precedence exists (16) , this is an uncommon finding. The long duration of follow-up here may have uncovered this otherwise rarely observed trend. Although the generality remains unknown, this process could link the observations that CTL in early HIV-1 and SIV infection rapidly induce escape mutations (17, 18, 41) and that the specificity of CTL responses shifts between acute and chronic HIV-1 infection (46) . The escape mutations persisted after the decline of CTL, indicating that their net fitness benefit continued to be positive, raising questions about persisting CTL pressure in tissues, opposing CTL pressures against the variants, or fitness compensation in the mutants. Participant D displayed a shift from nonconsensus to consensus SL9 over the course of infection, suggesting selection by a combination of immune pressure on the nonconsensus index sequence and replicative fitness considerations. We were, however, unable to correlate the emergence of epitope variants with changes in the levels of plasma viral RNA in our participants, possibly due to the small sample size.
In summary, our results strongly support epitope variation in HIV-1 as a means by which the virus escapes CTL even in chronic infection. The relative contributions of CTL pressure and viral fitness considerations remain to be elucidated, but our data indicate that the net balance can be slight and influenced by factors such as CTL phenotype. A better understanding of the interaction of HIV-1 with CTL in immunopathogenesis will hopefully provide critical insight for vaccine and immunotherapeutic approaches.
